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Abstract: Objective: To quantitatively evaluate lumbar disc degeneration with recently-developed quantitative 
magnetic resonance imaging (MRI) techniques. A series of MRI parameters, including T2*, T1rho relaxation time, 
apparent diffusion coefficient and gagCEST, were compared and correlated with the Pfirrmann semi-quantitative 
classification of lumbar intervertebral disc degeneration; the most accurate and relevant MRI parameters of lum-
bar disc degeneration were identified. Materials and Methods: Thirty-seven subjects (age range, 18-74 years) with 
non-specific low back pain (LBP) for more than 6 months were enrolled. The L1/2-L5/S1 discs of each subject were 
measured and then analyzed. Results: The gagCEST value of the discs showed the best negative correlation with 
degeneration level (nucleus pulposus: r = -0.951, P < 0.001; annulus fibrosus: r = -0.938, P < 0.001). The discrimi-
nant analysis results showed that this parameter also had the highest correct rate using a single index (gagCEST 
discriminant accuracy = 82%). Conclusion: Early stage lumbar disc degeneration can be quantitatively evaluated 
with MRI using the chemical exchange saturation transfer technique.
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Introduction

Modern evidence-based medicine has identi-
fied intervertebral disc degeneration (IVDD) as 
a consequence of a variety of genetic, traumat-
ic, mental, and nutritional factors. Recent stud-
ies have reported that IVDD, which can start as 
early as childhood [1], has become a serious 
social burden due to the enormous associated 
medical costs [2]. Although the reasons for low 
back pain (LBP) in most cases are not com-
pletely clear and, at present, only 15% of cases 
are accurately diagnosed and treated [3], the 
lumbar intervertebral discs are typically consid-
ered as the most common pathogenesis of 
LBP. With aging, the degree of IVDD and the 
incidence of LBP mutually increase, suggesting 
that IVDD may be the primary cause of LBP [4]. 
However, the early signs of IVDD include imper-
ceptible changes in biochemical metabolism 
within discs, such as the loss of water and gly-
cosaminoglycan (GAG), as well as decreased 

osmotic pressure and pH, which cannot be ea- 
sily detected by conventional imaging and clini-
cal examinations. IVDD is usually first detected 
upon the manifestation of some morphological 
abnormality observed by imaging, but clinical 
interventional options at that stage are limit- 
ed to conservative treatment alone or surgical 
excision. Therefore, early and quantitative diag-
nosis of IVDD is very important to reestablish 
and regenerate degenerated lumbar interverte-
bral discs. Pfirrmann, a Swiss orthopedist, and 
his colleagues proposed semi-quantitatively di- 
viding IVDD into five grades according to mor-
phological changes, magnetic resonance (MR) 
signal intensity, and the discrimination of the 
nucleus pulposus (NP) and annulus fibrosus 
(AF) of the discs [5, 6]. Even though the Pfir- 
rmann grade is widely applied in clinical prac-
tice worldwide, this classification system is very 
subjective and ambiguous due to the lack of  
a quantitative index, thereby restricting the abi- 
lity to detect IVDD at an early stage.
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radioactive imaging diagnostic methods have 
already been used to quantitatively explore the 
process of IVDD, which include in vivo Na MRI, 
quantitative high-resolution magic angle spin-
ning nuclear MR (NMR) spectroscopy, proton 
T2 imaging, T1rho imaging and diffusion tensor 
imaging [7-11]. A series of quantitative MR 
parameters, including the T1rho relaxation time 
(T1rho), apparent diffusion coefficient (ADC), 
and fractional anisotropy (FA), are useful to 
detect some imperceptible biochemical chang-
es within the discs that otherwise would be 
overlooked with conventional MRI. However  
the intrinsic associations between these quan-
titative MR parameters and the biological prop-
erties of the disc tissues have not yet been 
completely elucidated.

Chemical exchange saturation transfer (CEST), 
a recent novel MRI technique, can monitor 
changes in MR signals produced by alterati- 
ons of certain biochemical molecules in tis-
sues, such as proteins, amino acids, and GAG, 
as well as pH. CEST has already been widely 
used in a number of areas of quantitative me- 
dical research, especially in the fields of oncol-
ogy and neurology [12-16]. Previous studies 
have confirmed that IVDD is closely related to 

Figure 1. A schematic diagram of the ROIs. Examples of ROIs over NP (#), anterior AF (*) and posterior AF (&) in one 
disc are shown.

Table 1. T2* relaxation time and ADC value of 
the 185 lumbar discs according to the Pfirrmann 
grade

Pfirrmann 
grades n (%)#

T2* (ms) ADC 
(mm2/s)

NP AF NP AF
I 42 (22.7) Median 53.4 44.6 1.47 1.24

Mean 57.8 45.0 1.48 1.25
SD 19.3 13.9 0.15 0.17

II 50 (27) Median 44.8 30.9 1.27 1.01
Mean 47.4 32.1 1.25 0.98
SD 14.8 10.1 0.14 0.18

III 28 (15.1) Median 38.5 31.2 0.99 0.86
Mean 39.6 30.5 0.99 0.84
SD 9.8 6.6 0.18 0.14

IV 34 (18.4) Median 30.7 25.0 0.79 0.71
Mean 30.3 25.4 0.79 0.73
SD 5.2 4.9 0.14 0.14

V 31 (16.8) Median 24.2 21.4 0.55 0.56
Mean 22.5 20.1 0.53 0.55
SD 7.7 6.3 0.14 0.12

NP, nucleus pulposus; AF, annulus fibrosus; #, percentage of 
each group of sample content overall.

With the rapid development of quantitative  
MR imaging (MRI), many noninvasive and non-
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Table 2. T1rho relaxation time of the 132 
lumbar discs according to the Pfirrmann 
grade
Pfirrmann 
grades n’ (%)

T1rho (ms)
NP AF

I 25 (18.9) Median 143.11 109.59
Mean 150.23 100.72
SD 50.61 31.75

II 38 (28.8) Median 95.23 69.78
Mean 99.22 68.56
SD 20.45 14.12

III 20 (15.2) Median 69.25 59.57
Mean 70.08 59.90
SD 6.15 9.59

IV 25 (18.9) Median 52.09 46.66
Mean 54.67 49.36
SD 10.32 12.95

V 24 (18.2) Median 41.75 37.40
Mean 42.64 37.30
SD 6.29 5.47

NP, nucleus pulposus; AF, annulus fibrosus.

the loss of GAG within discs [17, 18]. Con- 
sequently GAG CEST (gagCEST) MRI has be- 
en applied to quantitative MRI of the discs, 
mainly to monitor the GAG content of discs. A 
phantom study reported a significant positive 
correlation between the gagCEST value, the 

major parameter in gagCEST MRI, and the ac- 
tual GAG concentration [19]. Another small-
scale human study demonstrated that the 
gagCEST value of the discs was negatively cor-
related with the Pfirrmann grade as well as  
the T2 value [20]. Therefore, the aim of the 
present study was to quantitatively evaluate 
the usefulness of gagCEST MRI for the early 
diagnosis of IVDD and to combine this with 
other MR parameters (i.e., the T2*, ADC, and 
T1rho value) for comparative analysis. In ad- 
dition, Pfirrmann grades were correlated with 
the most sensitive and relevant MR parameter 
for early and quantitative imaging diagnosis of 
IVDD.

Materials and methods

Subjects

The cohort of this prospective study compris- 
ed a total of 37 subjects (16 males and 21 
females; mean age, 48.3 years; range: 18-74 
years) who met the inclusion criteria of non-
specific LBP for more than 6 months and age ≥ 
18 years. The exclusion criteria included lum-
bar trauma, previous lumbar surgery, infection, 
tuberculosis, tumor, or other severe lumbar dis-
eases, ankylosing spondylitis, metal internal 
fixation implants or implantation of a metal 
stent pacemaker, and claustrophobia. Five lum-
bar discs (L1/2-L5/S1) were tested in each 
subject. A total of 185 discs were divided into 
five groups according to the five-level Pfirr- 
mann grading system [5, 6] by two primary ra- 
diologists (with 3 and 5 years of experience, 
respectively). In case of differing opinions, con-
sensus was reached by discussion with a se- 
nior radiologist with 20 years of osteoarticu- 
lar working experience. Sagittal T2* mapping, 
CEST, diffusion, and T1rho-weighted images  
of these 185 discs were collected and regions 
of interest (ROIs) were delineated and used to 
measure all the quantitative parameters.

MRI protocol

All images were captured using a Siemens 
MAGNETOM Trio 3.0T MRI system (Siemens 
Healthineers, Erlangen, Germany). The imag- 
ing protocol included sagittal conventional T2- 
weighted imaging, diffusion-weighted imaging 
(DWI), T1rho, and gagCEST sequences. First, 
conventional sagittal T2-weighted images we- 
re obtained using a turbo spin echo sequence 

Table 3. gagCEST values of the 117 lumbar 
discs according to the Pfirrmann grade
Pfirrmann 
grades n” (%)

gagCEST
NP AF

I 31 (26.5) Median 580.16 560.87
Mean 589.23 566.96
SD 29.24 27.54

II 27 (23.1) Median 543.81 533.00
Mean 545.48 537.20
SD 13.27 15.64

III 19 (16.2) Median 509.56 512.06
Mean 502.51 507.95
SD 19.51 21.89

IV 24 (20.5) Median 474.18 479.27
Mean 475.67 474.96
SD 26.41 22.20

V 16 (13.8) Median 363.16 367.26
Mean 354.15 365.84
SD 49.76 51.53

NP, nucleus pulposus; AF, annulus fibrosus.
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with the following parameters: repetition time 
(TR)/echo time (TE) = 3200 ms/89 ms, number 
of slices (NSL) = 13, slice thickness = 3 mm, 
and field of view (FOV) = 329 × 329 mm2. Next, 
a series of sagittal T2*, DWI, T1rho and CEST 
quantification sequences were obtained. The 
T2* images were acquired with: TR/TE = 90 
ms/3.29, 8.66, 14.03, 19.4, 24.77, 30.14, 
35.51, and 40.88 ms, NSL = 6, slice thick- 
ness = 3 mm, and FOV = 350 × 350 mm2. The 
DWI sequences were obtained with: TR/TE = 
2000 ms/77 ms, NSL = 11, slice thickness = 2 
mm, FOV = 300 × 400 mm2, diffusion gradient 
factor (b value) = 0, 250, 500, 1000, and 1500 
s/mm2, diffusion directions = 3, bandwidth = 
1750 Hz/Px. The T1rho-weighted images were 
obtained using a single slice (the middle slice  
of the T2-weighted images) sequence with: TR/
TE = 4000 ms/8.9 ms, FOV = 220 × 220 mm2, 
and bandwidth = 1750 Hz/Px. The CEST se- 
quences included two sequences (the CEST 
sequence and the water saturation shift refer-
encing [WASSR] sequence) with: a single slice 

(the same slice with T1rho sequence), FOV = 68 
× 220 mm2, bandwidth = 299 Hz/Px, and TR/
TE = 3500 ms/9.1 ms (WASSR sequence) and 
9000 ms/8.8 ms (CEST sequence).

Image post-processing

T1rho maps were generated by pixel-by-pixel  
fitting to the following equation: S (TSL) = S0 
*exp (-TSL/T1rho), where TSL is the spin-lock-
ing time, S is the signal intensity of the T1rho-
weighted images, and S0 is the signal inten- 
sity when TSL = 0. GagCEST maps were recon-
structed with the following equation: MTRasym 
= Z (-Δω) - Z (+Δω), where Δω is the resonant 
frequency of GAG protons (1.0 ppm). The B0 
field was corrected using the WASSR method 
[21].

ROI measurement

Three ROIs with an area of 25-30 mm2 were 
designated for every disc on the selected imag-

Figure 2. The distribution of the values of NP and AF with respect to the Pfirrmann grade. A: T2* relaxation time 
of NP and AF versus disc degeneration grading; B: ADC value of NP and AF versus disc degeneration grading; C: 
T1rho relaxation time of NP and AF versus disc degeneration grading; D: GagCEST value of NP and AF versus disc 
degeneration grading.
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es, which represented the NP, anterior AF  
(AAF), and posterior AF (PAF), respectively. The 
mean AAF and PAF values represented the 
value of the whole AF. The anteroposterior po- 
sitions approximately corresponded to the an- 
terior, middle, and posterior column of the ver-
tebral body (Figure 1). The ROIs were either 
inferior or superior to the endplate of the ver- 
tebral body. The T2*, T1rho, ADC, and gagCEST 
values were measured using Image J software 
(https://imagej.nih.gov/ij/). Using the same 
method, all ROIs were mapped on the same 
image 3 months later in order to remeasure the 
MR parameters and calculate the intraclass 
correlation coefficient (ICC).

Statistical analysis

All statistical analyses were performed using 
SPSS version 22.0 software (IBM Corp., IBM 
Corp., Armonk, NY, USA). The five Pfirrmann 
grades were compared by one-way analysis of 
variance if the variance was homogeneous or 
the Kruskal-Wallis H test if the variance was  
not homogeneous. Post hoc multiple compari-
sons were performed using Tamhane’s T2 te- 
st. Correlations were identified with the Spe- 
arman rank correlation coefficient. Fisher lin-
ear discriminant analysis was performed by  
the single-index stepwise discriminant method. 
The ICC and 95% confidence intervals (95%  

CIs) were calculated to assess the reproducibil-
ity of the two measurements. ICC ≥ 0.75 was 
considered an excellent agreement [22].

Results

Pfirrmann grading

The sagittal T2-weighted images of the 185 
discs (L1/2-L5/S1 of 37 subjects) were divid- 
ed into five groups according to the five-level 
Pfirrmann grading [5, 6], as follows: grade I 
(normal group): n1 = 42 (22.7%); grade II (mi- 
ld degeneration group): n2 = 50 (27%); grade  
III (moderate degeneration group): n3 = 28 
(15.1%); grade IV (severe degeneration group): 
n4 = 34 (18.4%); and grade V (extremely se- 
vere degeneration group): n5 = 31 (16.8%) 
(Table 1). Of the T1rho sequences, images of 
53 discs were excluded because of the pres-
ence of motion artifacts, so the actual effec- 
tive sample content of the T1rho weighted 
images was n’ = 132 discs: grade I: n1’ = 25 
(18.9%); grade II: n2’ = 38 (28.8%); grade III: 
n3’ = 20 (15.2%); grade IV: n4’ = 25 (18.9%); 
and grade V: n5’ = 24 (18.2%) (Table 2). The 
CEST sequences of 68 images were also ex- 
cluded due to the presence of motion arti- 
facts, so the actual effective sample content  
of the CEST images was n” = 117 discs: grade  
I: n1” = 31 (26.5%); grade II: n2” = 27 (23.1%); 
grade III: n3” = 19 (16.2%); grade IV: n4” = 24 
(20.5%); and grade V: n5” = 16 (13.8%) (Table 
3).

Evaluation of NP and AF

The statistical results of T2* relaxation time 
(T2*: ms), ADC value (ADC: mm2/s), T1rho re- 
laxation time (T1rho: ms), and gagCEST value 
(gagCEST: no unit) of the NP and AF (the mean 
value of the AAF and PAF) from the ROIs are 
presented in Tables 1-3 and Figure 2. Re- 
presentative T2-weighted sagittal images relat-
ed to Pfirrmann grades and the corresponding 
T2*, ADC, T1rho, and gagCEST maps of the lum-
bar discs are shown in Figure 3.

To reflect the reliability of the two measure-
ments, ICCs with 95% CIs for each parameter 
at different ROIs are shown in Table 4. The  
values demonstrated that the reproducibility 

Figure 3. T2-weighted sagittal images and corresponding T2*, ADC, T1rho and gagCEST maps in representative 
lumbar disc degeneration related to Pfirrmann grades.

Table 4. ICCs with 95% CIs for each parameter at 
different ROIs
MR parameters ROIs ICC 95% CI
T2* relaxation time (ms) NP 0.769 0.701-0.832

AAF 0.789 0.733-0.851
PAF 0.752 0.715-0.828

ADC value (mm2/s) NP 0.904 0.868-0.937
AAF 0.895 0.857-0.912
PAF 0.890 0.849-0.910

T1rho relaxation time (ms) NP 0.935 0.879-0.958
AAF 0.925 0.871-0.949
PAF 0.931 0.869-0.951

gagCEST value NP 0.951 0.923-0.969
AAF 0.948 0.918-0.958
PAF 0.939 0.908-0.947

ROI, regions of interest; NP, nucleus pulposus; AAF, anterior 
annulus fibrosus; PAF, posterior annulus fibrosus.
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Figure 4. Box plots of the values versus disc degeneration grading. The 
results of post-hoc multiple comparisons between two groups of adjacent 
discs are shown. Trends of decreasing T2*, T1rho, ADC and gagCEST val-
ues of nucleus pulposus (NP) and annulus fibrosus (AF) with increasing 
Pfirrmann grades can also be seen. (A) and (B) are respectively T2* relax-
ation time of NP and AF versus disc degeneration grading; (C) and (D) are 
respectively ADC value of NP and AF versus disc degeneration grading; (E) 
and (F) are respectively T1rho relaxation time of NP and AF versus disc 
degeneration grading; (G) and (H) are respectively gagCEST value of NP and 
AF versus disc degeneration grading. *P < 0.05; ***P < 0.001; “ns” = not 
significant.

between the two measurements was excellent 
(ICC ≥ 0.75).

Boxplots of T2*, ADC, T1rho, and gagCEST  
values of the lumbar discs according to the 
Pfirrmann grade are shown in Figure 4. Com- 

parisons between multiple gr- 
oups by one-way analysis of 
variance or the Kruskal-Wallis 
H test all showed highly signi- 
ficant differences in T2*, ADC, 
T1rho, and gagCEST values of 
NP and AF among the Pfirrma- 
nn grade groups (P < 0.001). 
The results of post-hoc multi-
ple comparisons (only one step 
between the two comparisons 
with no comparison across lev-
els) of NP using Tamhane’s T2 
test showed that all between-
group differences were signifi-
cant, with the exception of T2* 
between Pfirrmann grades I 
and II, and grades II and III,  
as well as the T1rho relaxation 
time between Pfirrmann gra- 
des IV and V. The results of 
post-hoc multiple comparisons 
of AF showed that all betwe- 
en-group differences were sig-
nificant, with the exception of 
T2* between Pfirrmann grades 
II and III and the T1rho relax-
ation time between Pfirrmann 
grades II and III. 

Furthermore, the results also 
showed higher significant dif-
ferences in gagCEST values 
between Pfirrmann grades I 
and II for NP than the T2* 
relaxation time, which revealed 
that gagCEST was capable of 
detecting early IVDD.

Correlation analysis

Spearman rank correlation an- 
alysis results demonstrated th- 
at the T2*, ADC, T1rho, and 
gagCEST values were inversely 
significantly correlated with the 
Pfirrmann grades for both NP 
and AF (Figure 5). The correla-
tion coefficients were as fol-

lows: T2* (NP: r = -0.783, P < 0.001; AF: r = 
-0.683, P < 0.001), ADC value (NP: r = -0.914,  
P < 0.001; AF: r = -0.843, P < 0.001), T1rho 
relaxation time (NP: r = -0.926, P < 0.001; AF: r 
= -0.803, P < 0.001), and gagCEST value (NP: r 
= -0.951, P < 0.001; AF: r = -0.938, P < 0.001). 
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Figure 5. Scatter plots of the values in nucleus pulposus (NP) and annulus 
fibrosus (AF) according to the Pfirrmann grades. (A) and (B) are respectively 
T2* relaxation time of NP and AF correlated with disc degeneration grad-
ing; (C) and (D) are respectively ADC value of NP and AF correlated with disc 
degeneration grading; (E) and (F) are respectively T1rho relaxation time of 
NP and AF correlated with disc degeneration grading; (G) and (H) are re-
spectively gagCEST value of NP and AF correlated with disc degeneration 
grading.

The results also showed the gagCEST value 
had a higher correlation with the Pfirrmann 
grades than the other MR parameters both for 
NP and AF.

Discriminant analysis

Interference of the artifacts was excluded by 
filtering the NP values of 89 of the 185 discs, 
which all contained the four parameters of  
T2*, ADC, T1rho, and gagCEST. Then, the val-
ues were subjected to Fisher’s linear discrimi-

nant analysis. The results of 
the Pfirrmann grades and the 
single-index discriminant of 
the NP values of these 89 
discs are shown in Table 5, 
and the discriminant accuracy 
is shown in Table 6 (accuracy 
was the ratio of the correct  
discriminant discs to the 89 
discs). The results revealed the 
gagCEST parameter had a hi- 
gher discriminatory rate than 
the other indices.

Discussion

In this study, a novel quantita-
tive MRI technique was used  
to noninvasively explore the 
biochemical metabolic abnor-
malities within degenerated lu- 
mbar discs, such as the loss  
of GAG and disordered diffu-
sion of water molecules. As 
compared with the semi-quan-
titative Pfirrmann grades as- 
signed to conventional sagit- 
tal T2-weighted images of lu- 
mbar discs, the T2*, ADC, T1- 
rho, and gagCEST values all 
showed negative correlations 
and highly significant differen- 
ces between groups, especial-
ly in the gagCEST value. The 
T2* value is closely related to 
the water content in biological 
tissue, but the results of this 
study indicated that there was 
no significant difference in the 
T2* relaxation time between 
Pfirrmann grades I (normal gr- 
oup) and II (mild degeneration 
group) for NP, confirming that 
there was only a reduction in 

GAG content, but no or little water loss or mor-
phological changes within the early degenerat-
ed discs [23, 24]. This demonstrates that the 
ability to diagnose early stage IVDD by conven-
tional T2-weighted images or T2*-mapping is 
very limited. However, T1rho and CEST MRI can 
make up for this short-coming [25, 26].

Previous studies have confirmed that the earli-
er that IVDD is detected and diagnosed, the 
more beneficial any clinical treatment or recon-
struction and regeneration of the lumbar disc 
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Table 6. Discriminant accuracy of the four 
parameters
Parameters Discriminant accuracy
T2* 47.2%
ADC 69.7%
T1rho 71.9%
gagCEST 82.0%

Table 5. Pfirrmann grades and discriminant 
analysis of the NP of the 89 discs
Pfirrmann 
grades T2* ADC T1rho gagCEST

I 19 14 21 14 20
II 22 22 21 20 22
III 16 16 11 26 15
IV 18 24 22 13 17
V 14 13 14 16 15
Total 89 89 89 89 89

will be [27, 28]. However, the current semi-
quantitative Pfirrmann grades provide neither 
quantitative nor objective assessment criteria 
for the diagnosis of IVDD. The gagCEST value  
in this study had the highest correlation with 
Pfirrmann grades and provided the greatest 
discrimination among the considered MR pa- 
rameters. In addition, the greater significant 
difference between Pfirrmann grades I and II  
of NP than T2* relaxation time revealed that  
in the near future, early and quantitative eva- 
luation of IVDD can be achieved with the use  
of the quantitative CEST MRI method to nonin-
vasively assess the GAG content within the 
disc. However, at present, CEST MRI is rarely 
applied in clinical practice, in comparison to 
conventional T2-weighted imaging or DWI, for 
various reasons such as the long scan time (a 
single-slice CEST sequence may require 40-50 
min), the stringent requirements for magnetic 
field intensity and shimming, and the lack of 
image post-processing software.

Although the results of this prospective clini- 
cal diagnostic study showed certain superio- 
rity in the diagnosis of IVDD, there were some 
limitations that should be addressed. First, the 
lack of experience with the T1rho and CEST 
sequences required more time than expected 
and various images had to be excluded due to 
motion artifacts, which led to an insufficient 
sample size. Second, disc tissue specimens 

could not be acquired by surgery or puncture 
because of the restrictions of medical ethics 
and other factors. Therefore, the five-level Pfi- 
rrmann grade was adopted as a relative gold 
standard for IVDD instead of histological analy-
sis. Third, we were unable to combine a series 
of related clinical symptoms of IVDD, such as 
LBP, to more deeply explore the association 
with the degree of degeneration in the images, 
partly because clinical symptoms such as LBP 
are influenced by many factors and are not nec-
essarily consistent with the imaging findings 
[29]. Finally, in the experimental process, the 
discs of subjects with lumbar disc herniation 
were deviated from the normal anatomical 
positions. In such a case, the monitored MR 
parameters will not be in agreement with the 
designating method of the ROI in this study. 
Consequently, we suggest that future similar 
studies should include only IVDD subjects with-
out disc herniation.

Conclusion

In the process of lumbar disc degeneration, the 
loss of GAG content within the NP and AF can 
be quantified by the CEST MRI technique, even 
in the early stage. Furthermore, the gagCEST 
value of NP and AF revealed an excellent nega-
tive correlation with the five-level Pfirrmann 
degeneration grades, higher than the other MR 
parameters in this study. Therefore, the CEST 
MRI method should be considered for early 
diagnosis and quantitative evaluation of IVDD.
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